Nonrelativistic conguration interaction study for Al + , Al and Al − are presented, included calculations of ionization potential and electron anity of the 2 P o ground state of Al. CI calculations up to double, triple and quadrupole excitations for Al + , Al and Al − , respectively, where neon xed core is considered. Appropriate Slater type basis functions were developed suitable to recover both of core-valence and corecore correlation eect. The relativistic eect on both ionization potential and electron anity are taken into account at the relativistic HartreeFock level. The calculated electron anity is 432.811 meV which is in excellent agreement with experimental value of Sheer et al. 432.83(5) meV, whereas the calculated ionization potential is 5985.764 meV, the latter is in perfect agreement with experimental value of 5985.768 meV.
Introduction
During the past years, many calculations of electron anity (EA) were carried out on the ground state 2 P o of Al with respect to ground state 3 P of Al, these calculations were started in 1992 with Arnau et al. [1] where they applied conguration interaction (CI) with pseudopotentials and obtained an EA of 450 meV.
Dunning and co-workers [2, 3] have developed families of Gaussian basis sets optimized for correlated calculations on the valence electrons of atoms and molecules, these basis sets later used to calculate electron anity with multireference single and double excitation conguration interaction (MRSD-CI) with the augmented correlation consistent polarized valence basis set (augcc-pvDZ) and reported an EA of 437 meV [4] . Eliav et al. applied relativistic coupled-cluster (RCC) method in a large four-component Gaussian-spinor basis to calculate electron anities as well as ionization potential (IP) of group-13 elements including Al and reported an EA of 427 meV and IP of 5991 meV [5] . In the same year, multiconguration DiracFock (MCDF) method due to Wijesundera [6] were used through out to obtain an EA of 433 meV. Benchmark ab initio and density functional calculations by de Oliveira et al. [7] has yielded an EA, which agrees with the last experimental value of Scheer et al. [8] . The important feature of de Oliveira calculations is the inclusion of inner-shell correlation (core valence interaction) which lead to crucial contribution to EA.
The present work introduces a suitably developed oneelectron basis set of the Slater type orbital (STO) to treat both corevalence and corecore correlation eects. These basis set are equivalent to Gaussian basis set of * e-mail: adnanyosif@yahoo.com Dunning and co-workers (correlation consistent polarized corevalence cc-pCVXZ) [9] . These basis set are used to calculate accurate electron anity and ionization potential of the ground state of aluminum in the frame work of nonrelativistic CI method.
CI calculations up to triple and quadrupole excitations are limited to valence correlation calculation where the negative ion Al and the neutral atom Al are treated as four-and three-electron system, respectively. The relativistic correction is added at the DiracFock level by making relativistic HartreeFock calculations on the related levels 1 S, 2 P 1/2 , and 3 P . In Sect. 2, we describe the CI theory employed to calculate ionization potential and electron anity and where we briey review the construction of the CI wave function. The orbital basis set used are taken up in Sect. 3. In Sect. 4, the approach of the approximate full conguration interaction (FCI) in the frame work of a priori selected conguration interaction (SCI) with its corresponding truncation energy error [10] and CI by parts CIBP [11] are presented. Results and discussion is presented in Sect. 5 and nally conclusions are drawn in Sect. 6.
CI theory
The matrix form of the Schrödinger equation is
where E FCI µ is the full CI energy which is an upper bound energy of the system under consideration, C µ is column vector of the CI coecients, and H is the matrix element representation in terms of the Slater determinants or Nelectron symmetry eigenfunctions constructed from given orbital basis.
In CI nomenclature, Eq. (1) is called full CI (FCI) equation [12] .
The exact eigenvalue E µ of the Schrödinger equation can be expressed as
where ∆E OBI µ is the basis set incompleteness error [13] . (268) In CI approach the many electron wave function is expanded as linear combination of conguration state functions F gK [14] :
The conguration state function F gK are obtained as successively orthogonalized symmetric projections of Slater determinants, they may be expressed as linear combination of n k Slater determinants D iK :
where O(L 2 , S 2 ) are idempotent projection operators for L 2 and S 2 . K and g labels for conguration and degenerate element, respectively.
Triply and higher excited congurations are classied into disconnected and connected ones. Disconnected congurations are those that can be expressed as products of combinations of lower excited ones, whereas connected congurations are all others [10] .
In general, the set of all excited congurations, F gK are divided into classes and in turn all congurations diering just in the labels of the virtual orbital radial functions are called subclass, where the coecients b in Eq. (4) are the same for dierent congurations within a given subclass.
Basis set construction
In our calculations, the radial part R il of the orbital is expressed as linear combination of normalized Slater type orbital STOs S jl :
where
The representation of orbitals in terms of STOs for valence CI calculations of Al and Al + are developed from initial STOs of the HartreeFock [15] quality of 9s and 8P, and an additional reoptimized functions of 3d and 2f were considered to describe the diuse charge distribution of Al − . Thereafter, the correlation orbital space wave function is expanded by inclusion all singles and doubles excitations outside the neon xed core up to orbital harmonic l = 20, leading to 121, 168 and 186 energy optimized STOs for 1 S, 2 P o and 3 P states respectively, where it is important to maintain the initial 9s and 8P xed during the optimization process. Later the resulting nal basis set are used to make the valence correlation full CI calculations for Al and Al − as will be discussed in the next section.
For valencecore and corecore CI calculations, the same initial STOs are used as that for valence calculations except that all pure single and double excited congurations outside neon xed core are excluded from the conguration list, thus only pure single and double excited congurations coming from the core as well those congurations coming from mixed double excitations from neon core and valence electrons outside the core are included in the CI expansion.
In our work both corevalence (CV) conguration interaction calculation and corecore (CC) conguration interaction calculation are done together and we denoted them by CVCC, work is in progress to separate both components.
CI techniques
Two CI techniques were performed throughout this work, the rst one is the priori SCI to approximate full CI which where done by the program AUTOCL [14] . The new version of the mentioned program consists more compact and ecient energy selection thresholds for selection of subclasses and congurations.
The selection of disconnected congurations are based on the Brown formula [16] :
where E is any pertinent energy, H K K is the diagonal matrix element which can be well approximated by the expectation value of any determinant belonging to the conguration K, and B K is an approximation to the conguration coecient associated with triple and higher excited disconnected congurations [10] . The selection of q-excited connected congurations are based on modied Brown formula [17] :
where n Ki are the occupation numbers of the natural orbital which are implemented to approximate the correlation orbitals. All triply and higher disconnected subclasses with energy contributions lesser than an energy threshold T egy subc are discarded and accumulated into the total truncation energy error ∆E egy , while the triply and higher connected subclasses with an energy contribution lesser than an energy threshold T pgy subc are discarded and accumulated into the total truncation energy error ∆E pgy such that
and
Selection of subclasses reduce the FCI size of energy E 
Because the size of model space is still too high to solve its corresponding eigenvalue problem, therefore another selection process is made on individual congurations. The program ATMOL is used to perform another selection with dierent values of energy and pseudo energy selection thresholds for each excitation of disconnected and connected congurations respectively to reduce the size of the model space to more condensed space S: (14), except that the sums in Eqs. (10) and (11) are run over deleted conguration rather than subclasses. The next step taken by the program ATMOL is the CI by part CIBP, where the S-space is partitioned into several subspaces S 0 , S 1 , S 2 , . . . , S r of dimensions
. . , d r , respectively, where S 0 is the reference space in which all CI coecients are always variational, and all other subspaces S i , i = 1, 2, . . . , r will be taken up variationally one after the other [18] .
The nal eigenvalue will satisfy
where ∆E CIBP is the error due to CIBP method which can be determined through sensitivity analysis, where ∆E CIBP is necessarily a positive quantity. In order to make ∆E CIBP rather small, the energy corresponding to S 0 + S 1 must be as close as possible to E CIBP , thus pushing up values of d 0 + d 1 that require solving the eigenvalue problem outside RAM. After S 1 is processed, however, the remaining subspaces S i (i greater than 1) are (automatically) chosen so that all matrix elements in d 0 + (i − 1) + d i t in RAM [19] .
Results and discussion
In this work, nonrelativistic CI calculations of ionization potential and electron anity are divided into two components, the rst one is the valence correlation component and the second one is CVCC correlation component. The composition of the optimized orbital basis set at CISD valence correlation calculation are listed in Table II. The total energies of CISD calculated at valence correlation stage was extrapolated as a function of angular momentum up to l = 500, using the Schwartz patterns [20] Table III because its FCI calculation is restricted to CISD valence calculation. The estimation of valence FCI truncation energy errors which are based on the Brown formula and modied Brown formula do not exceed −0.003 µHa for Al 3 P state and approximately zero truncation energy error for Al 2 P . The error due to CI by part ∆E OBI are estimated according to sensitivity analysis [18] , which lead to ∆E CIBP 1 µHa. The relativistic correction contribution to both IP and EA have been estimated by carried out calculations at relativistic HartreeFock level [21] on the related atomic lowest levels 1 S, 2 P 1/2 and 3 P 0 belonging to 1 S, 2 P and 3 P states respectively. Our result for relativistic contribution to electron anity is little bit below de Oliveira et al. [7] result, the reason for this dierence is due to that in de Oliveira relativistic calculation just including the spinorbit, Darwin and mass-velocity terms. The developed STOs for the CVCC correlation component calculations are reported explicitly in Table IV . These basis set are used to calculate the corresponding contribution component of both IP and EA. It is important to mention that the convergence of the CVCC correlation eect as a function of basis set optimization are much slower than that for the valence correlation contribution.
Numerical results of total energies contributions on different levels, HF and CISD and FCI for valence calculations component and the contribution of CVCC component and relativistic correction component and there corresponding contribution to the ionization potential are summarized in Table V . The FCI valence contribution recovers 1.15% of the nal value of the predicted IP, while the CVCC correlation reduce the predicted value of IP by 0.044%. The smallest contribution comes from the relativistic eect where gives 0.011%. Our predicted value of IP is exact to two decimal point with respect to experiment.
Similarly, in Table VI , we summarized dierent energies contributions and the corresponding contributions to electron anity. The FCI valence contribution recovers 21.6% of the nal value of the predicted EA which exceeds the corresponding contribution in IP. The CVCC correlation reduces the predicted value of EA by 3.4% which is also exceeding the corresponding value in IP. In EA calculation the relativistic eect reduces the predicted value of EA by 2.12%, while the later eect increases the predicted value of IP by 0.01%. Our CVCC contribution to EA is −15 meV which is below the corresponding de Oliveira et al. result of −16.17 meV, this attributed to the reason, that in our calculation, both core valence and corecore correlations are taken together into consideration, while de Oliveira et al. calculations are restricted to the eect of inner shell correlation which was determined as the dierence between valence only and all electron CCSD(T) (coupled cluster with all single and double excitations and triple excitations) calculations using the MartinTaylor family of core-correlation basis sets [7] .
As seen from Tables V and VI, it is clear that CVCC component is of negative sign (reduces the ionization potential and electron anity). Also, it should be noted that the eect of inclusion of CVCC correlation on both ionization potential and electron anity are crucial to converge with the last measured EA value by Scheer et al. [8] and the experimental value of ionization potential [22] . However, the CVCC can be positive or negative. Finally, we compare our result with some previous results of theoretical ionization potential and electron anity calculations as shown in Table VII . We have investigated dierent contributions to the ionization potential and electron anity (valence correlation, valencecore and corecore correlation and relativistic eect) of the ground state of aluminum in the frame work of CI. Our calculation includes development of the Slater type orbitals basis set suitable for corecore and corevalence correlation calculations. Our work presents the best result up to date for the ground state of ionization potential and electron anity of aluminum where FCI truncation energy errors for valence calculation do not exceed −0.003 µHa for Al 3 P state and approximately zero truncation energy error for Al 2 P . 
